Studies have shown that, coal seam, an un-conventional reservoir, is considered as a promising option for CO2 sequestration because of its large CO2 sequestration capacity, long time CO2 trapping and extra enhanced coal-bed methane (ECBM) production benefits. However, unlike conventional reservoirs, gas flow in the coal seam can cause the cleat permeability and porosity change during the injection/production process. In other words, for example, once gas is injected and adsorbed on coal matrix, the matrix will swell, and the cleat permeability and porosity will decrease correspondently. Because of its special features and the nature of gas retention in CBM reservoirs, simulating the production and injection will have more complexity compared to conventional resources.
Introduction
Fossil fuels are currently playing a significant role in the whole world's energy supply.
However, its damage to the environment, especially the CO2 emission resulting in the green house effect, has gotten more and more attention. At present, more technologies have been studied on CO2 sequestration to decrease the CO2 release into the atmosphere. Un-mineable coal seams (seams too deep or too thin to be mined economically) are one of the main types of geological formations targeted for the sequestration of captured CO2 and enhanced recovery of coal-bed methane.
Similar to conventional naturally fractured reservoirs, coal is characterized as a dual-porosity system consisting of matrix and cleat, in which majority of the gas is stored within the coal matrix by a process of adsorption and a small amount of free gas exists in the cleats or fractures [1] . When CO2 is injected into the coal seam, because of its higher affinity to the coal matrix than methane, it will be held by coal and displace the methane to boost extra natural gas production ( Fig.1) . It is estimated by laboratory measurements that, this process, known as CO2-enhanced coal bed methane, can store twice as much CO2 as the methane desorbed or even more [2] .
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Fig.1 CO2 injection-ECBM production Phenomenon
The entire gas flow mechanism can be summarized in three steps: 1) once free gas or water existing in cleats is produced from coal seams, the pressure will drop in fracture and micro-pores, then the adsorbed gas will be released from the matrix 2) due to the gas molecular concentration difference, gas will diffuse from matrix to cleats 3) Finally, all the gas will flow from the cleats to the wellbore by Darcy's flow (Fig.2) .
On the other side, if CO 2 is injected into a coal seam, it will store within the seam because of its higher affinity, the methane adsorbed on the matrix will be displaced, which results in enhanced methane production. Nowadays, the numerical reservoir simulator becomes the most popular tool to predict coal seam performance, which provides a good understanding of how gas flows from the reservoir to the wellbore [3] .
In this case, QUICK CBM SETUP in CMG is used for modeling. The theories behind this process are included into the simulation model to mimic the real condition inside the coal seam: The gas adsorption/desorption process can be described by the typical formulation of Langmuir Isotherm (Irving Langmuir, 1916):
As shown in Fig.3 , Langmuir Volume (V L ) is the maximum amount of gas that can be adsorbed on a piece of coal at infinite pressure. Langmuir Pressure (P L ) is the pressure at which the Langmuir volume can be adsorbed. V(P) is the amount of gas at different pressure, also known as gas content (scf/ton). Whenever the Langmuir volume and Langmuir pressure is known, the adsorbed gas amount can be calculated at any pressure. Diffusion is the fact that particles move/spread from high concentration to low concentration region. Diffusion of gas out of the coal matrix can be expressed by a simple diffusion equation. The diffusion process in coal seams can be described by either diffusion coefficient or coal desorption time input in the simulator [3] . D: Diffusion coefficient ̅ : Average gas concentration in the matrix τ: desorption time 3) Coal shrinkage and swelling One of the unique characteristics of coal seam is the phenomenon of pressure dependent permeability. As the production from the reservoir take places, two distinct phenomena occur. First, the reservoir pressure declines, causes the pressure in the fractures to decline as well, which leads to an increase in the effective stress within the cleats causing the cleats to be more compactable, so the cleat permeability will decrease. At the same time, the gas that has been desorbed is coming out of the
6 | P a g e matrix, which causes the matrix to shrink and the cleats to open-up; thereby the cleat permeability will be increased. As a function of the pressure drop, compressibility dominates in early time and shrinkage dominates in the late time [4] . Palmer and Mansoori model [5] is used to simulate the permeability change process during production/injection in this model. [5] . 20,000 short tons are required to be injected through well MH18 and MH20
in two years (Fig.4 ).
7 | P a g e it will make desorption process slower, then matrix shrinkage process becomes slower, thereby the cleat permeability increase rate will be slower, and finally gas will be produced slower in limited time. There is no doubt that gas production of slower producing rate will be less than that of faster producing rate in the same range of time.
History matching
History matching is the most complex and time consuming part in a modeling process.
As indicated before, the whole process contains three stages: CBM production----CO2 injection ----ECBM production, in which MH18 and MH20 performed firstly as production wells and were transferred into injection wells several months later. Once the history matching of CBM production for MH18/MH20 is achieved, the CO2 amount injected in MH18/MH20 may be missed; or when the CBM production and followed CO2 injection of MH18/MH20 are satisfied at the same time, the ECBM production part for MH5 and MH11 is not good. It takes much time adjusting the model back and forth with varied parameter value of cleat porosity, cleat permeability, Langmuir Isotherm, desorption time, Langmuir strain, etc. and running a lot of simulation models by taking the sensitivity analysis results as a reference to get the history matching for both the CBM/ECBM production and CO2 injection well simultaneously (Fig.7&8) . As shown in Fig.7 , the rose red dots and the red line represents the actual daily gas rate and cumulative gas production, respectively; the blue line and the green line illustrates the simulated gas rate and cumulative gas production, respectively. Similarly, the red dots and red line in Fig.8 shows the actual CO2 injection rate and CO2 cumulative injection amount, respectively; while the blue dots and blue dashed line presents the simulated results of CO2 injection rate and CO2 cumulative injection amount, respectively.
In the history matched model, two different regions for MH18_inj and MH20_inj have been set. Most parameters, such as desorption time, gas content, Langmuir volume, Langmuir pressure, Langmuir strain, fracture spacing, Young's modulus &Poisson ratio, matrix porosity, matrix permeability, have been set in the reasonable range consistent with typical CBM reservoir performance according to literature review 12 | P a g e results. The final parameter setting based on the history matched model is shown in Table 2 . Table 2 History matched reservoir parameter setting
CO2 Sequestration Capacity
As explained earlier, 20,000 tons of CO2 is required to be injected into the coal seam in two years. One of the things needs to be investigated is to make sure that the 20,000 tons is not beyond the CO2 sequestration capacity in the coal seam. There is no way to inject so much CO2 if the reservoir cannot hold it. The complete gas-in-place volumetric equation for a CBM reservoir is [1] : OGIP= A*h* ρb *GCi+ Ahøi(1-Swi)/Bgi Where:
• A is drainage area,
• h is net pay,
• ρb is bulk density,
• GCi is initial Gas Content,
• øi is porosity,
• Swi is initial water saturation • Bgi is initial formation volume factor. In order to simplify the calculation, two assumptions have been made: 1) the coal reservoir is depleted without any other gas or water, so it can be full of injected CO2;
2) since most of the gas is adsorbed on the coal matrix and the free gas only accounts for small portion, the free gas is ignored in this case. So the adsorption of CO2 capacity can be calculated as: 
CO2 Injection Prediction
Based on the calculation, it can be seen that the CO2 sequestration capacity is more than the required 20,000 tons. Prediction on CO2 injection has been performed thereafter to figure out when the 20,000 tons of CO2 injection will be fulfilled.
Currently, the West Virginia Environmental Protection Agency has recommended a maximum injection pressure of 933 psi and it should not be exceeded during injection.
This value was obtained through a mechanical integrity test of the formation based on the fracture pressure. In other words, it provides a safety factor. Therefore, different prediction scenarios have been done using maximum injection pressure of 933psi and different maximum injection gas rate as constraints. The prediction time is from 2011-1-10 to 2030-1-10. All injection scenarios are shown below in Table 3 : Table 1 CO2 Injection prediction scenarios
As shown in Fig.9 and Fig.10 , MH18_inj is the main contributor on CO2 injection with the maximum injection gas rate of 100,000scfd. Its cumulative CO2 injection amount reaches 11,102tons by 2030, which is far more than 700tons in well20_inj. Until 2030, the total maximum CO2 injection amount is 11,802 tons. In other words, it is impossible to inject 20,000 tons of CO2 into the coal seam during two years, even in twenty years. In fact, our model shows that the cumulative CO2 injection is about 2,570tons in two years. Referring to the actual injection data, the total injection amount is only 2,506 tons in two wells from September 2009 to October 2011, which verifies our simulation results again. modeling the production and injection scenarios will have more complexity compared to conventional resources. This research will provide a valuable resource to engineers in order to assist them in evaluating the optimum strategy to model and match the production history of CBM resources.
2) Coal is a dual-porosity media and it has shrinkage and swelling properties of the matrix, the Palmar and Manssori equation has been included into the model to represent the CBM permeability change during the production/injection.
3) After reservoir modeling and history matching for both CO2 injection and ECBM production, prediction for CO2 injection amount has been done. It is concluded that there is no way to inject 20,000 tons of CO2 into the coal seam in two years.
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